We studied the seasonal evolution of clouds in four climatic regions within the Iberian Peninsula during the 2000-2012 period by using satellite data from CERES and MODIS instruments. We analysed cloud cover, cloud optical thickness, cloud-top temperature, and long-and shortwave radiative effect on top of the atmosphere for these four climatic regions. Cloud cover is larger in the north (regions 1 and 4) than in the south (regions 2 and 3) and shows a seasonal behaviour with summer minima for all regions. The maximum cover is found in region 1, with a mean yearly value of 61%. Region 3 shows the minimum cloud cover with an annual average around 43%. Cloud optical thickness ranges between 10 and 22 for low clouds, and between 8 and 20 for high clouds. Moreover, cloud-top temperature for low clouds is 265-285 K and in the range of 240-269 K for high clouds. Shortwave radiative effect is negative and ranging between −50 and −150 W m for high clouds. Generally, the longwave effect is lower than that for shortwave resulting in a net radiative effect of between 40 W m −2 and −150 W m −2 for low clouds and in the range of 10 -90 W m −2 for high clouds.
Introduction
Clouds have a great impact on the Earth's climate. Besides their critical implications in the Earth's water cycle (Lin et al., 2000) , clouds are the main parameter affecting the energy balance in the Earth-atmosphere system at regional and planetary scales, which is decisive for climate studies (Nakajima and King, 1990) . Clouds strongly modulate the Radiation Budget by absorbing and scattering solar and thermal radiation Roebeling et al., 2013) . In particular, clouds play a key role in the solar radiation reaching the Earth's surface, generally reducing it (by up to nearly 80%) depending mainly on the cloud type, its optical thickness and distribution in the sky (Calbó et al., 2005) . In addition, clouds greatly change in structure and composition at different temporal and spatial scales and represent one of the largest sources of uncertainty in predicting climate at regional and planetary scales (e.g. Solomon et al., 2007; Dong et al., 2008) . The greatest contribution of these uncertainties comes from the cloud-radiation interactions (Xu et al., 2005) .
Usually, the radiative effects of clouds are quantified in terms of cloud-radiative effect (CRE), which is defined as the difference in the net flux between overcast and clear sky conditions in the tropopause (Ramanathan et al., 1989; Chylek and Wong, 1998) . Generally, the cloud effects on climate are antagonistic in two spectral ranges: cooling when speaking in terms of solar spectrum (shortwave) and warming for thermal (longwave) radiation (Chen et al., 2000) . Chen et al. (2000) estimated the global annual average of the shortwave CRE to be −50 W m −2 , and +20 W m −2 for the longwave. This negative 30 W m −2 imbalance indicates a net cooling effect for the whole Earth-atmosphere system. However, this result does not hold for all cloud types, seasons and regions. The magnitude effect depends on the type of cloud and its optical and microphysical properties (Chen et al., 2000; Roebeling et al., 2013; McCoy et al., 2014) . The macrophysical properties are their spatial distribution and vertical extent, which are characterized by cloud amount, height and geometrical thickness. On the other hand, the microphysical parameters are the particle size and shape in the cloud, cloud thermodynamic phase and cloud water/ice content (e.g. Dong et al., 2008; Roebeling et al., 2013) . The number of water drops (or ice crystals) per volume unit and their size distribution determine the extinction cross-section of the cloud. The integration of such coefficient over cloud height yields the cloud optical thickness (COT) linking the macro-and microphysical properties. Cloud cover and COT are the most relevant quantities to describe cloud radiative effects (Min et al., 2012) . Continuous measurements of these properties, their global distribution, and their seasonal and interannual variations are essential for a better understanding of the role of clouds in weather and climate (Roebeling et al., 2013) .
Despite the key role of clouds in the Earth's balance, they are probably one of the meteorological phenomena that are least studied from a climatic point of view (Calbó and Sabburg, 2008; Sanchez-Lorenzo et al., 2012) . Cloud climatology has been developed from two kinds of data: (1) using radiances measured by satellites in polar and geostationary orbits; and (2) using visual observations of clouds from the Earth's surface, as coded in weather reports from stations on land and ships in the ocean. Satellites detect clouds principally at visible and thermal infrared wavelengths. The cloud-top altitude is inferred by relating the infrared emission temperature to the vertical profile of temperature obtained from radiosondes (carried by weather balloons) or satellite sounders (Warren and Hahn, 2003) . Ground-based visual observation of cloud cover is a standard procedure carried out in meteorological observatories. Until the end of the last century, cloud cover estimates from the ground were carried out mainly by human observers. Nowadays, instruments and algorithms for cloud detection and separation between clear sky and cloudy conditions have been further improved to reduce uncertainties in deriving cloud cover and distribution. Several authors introduced various "all sky cameras" (Oznovitch et al., 1994; Shields et al., 1998; Long et al., 2001; Morris, 2004; Calbó and Sabburg, 2008) , pyranometers (Long and Ackermann, 2000 , Long et al., 2006 ), pyrgeometers (Durr and Philipona, 2004 . Ruffieux et al., 2006 , Morland and Mätzler, 2007 and ceilometers (Ahrens 2009; Boers et al., 2010 : Martucci et al, 2010 to derive cloud conditions and characteristics.
For some years, the precise determination of cloud properties and their radiative effects from satellite data has been a top priority objective in the Atmospheric Physics community, in particular their space and time variations. Satellite data improve the spatial coverage of the cloud measurements and are a powerful tool in cloud analysis from a global perspective. In addition, the exploitation of long-term satellite data may be a significant contribution. The continuous climatological analysis of cloud properties and their radiative effects can enhance the historical series from ground-based stations.
The NASA Clouds and the Earth's Radiant Energy System (CERES) project was designed to improve the understanding of the cloud-radiation interactions and cloud feedbacks on the Earth Radiation Budget (Wieliki et al., 1996) . The project provides the first long-term determinations of cloud properties and radiative impact. For this, the cloud properties determined by the ModerateResolution Imaging Spectroradiometer (MODIS) instrument are combined with top of the atmosphere (TOA) radiative fluxes measured by the CERES instrument. In this piece of research, we have used 12-year satellite data of the Iberian Peninsula to assess the seasonal variation of cloud radiative-effect -solar and thermal ranges-on top of the atmosphere. Cloud effects on the surface are not analysed considering that the radiative effects on TOA are more interesting for the study of the role of clouds on the Earth's Radiation Budget. Besides, we have studied cloud cover, optical thickness and cloud-top temperature (CTT). The study area shows a marked geographical variation in cloud cover, with the northern part having higher values as an average . This change will influence radiative effect and contribute to the climatic differences in the Peninsula. Therefore, the Iberian Peninsula has been divided into four climatic regions according to the Iberian Climatic Atlas (AEMET, 2011). In addition, we address the effect of high and low clouds separately. The cloud classification suggested by Rossow and Schiffer (1991) has been used to distinguish between low and high clouds. Although middle clouds were initially considered in this classification, they were not finally analysed because there was not enough data meeting the required conditions to representatively address the study of middle clouds (Section 2).
The paper is structured as follows: the instruments, data and methodology are described in Section 2; the results section (Section 3) presents the seasonal analysis for the cloud properties (COT and CTT) and cloud-radiative effect (CRE). Finally, the results are summarised in Section 4.
Data and methodology
The Moderate-Resolution Imaging Spectroradiometer (MODIS) is on board the Terra and Aqua satellites. MODIS is a 36-band spectroradiometer that provides several cloud properties by using spectral bands from visible to thermal infrared. We use MOD08 D3 product, which includes daily measurements of optical thickness, cloud-top temperature, and effective particle radius (Platnick et al., 2003) gridded at a latitude and longitude resolution of 1
• x1
• (roughly 100 km x 100 km at mid-latitudes).
The Clouds and the Earth's Radiant Energy System (CERES) is a radiometer also on board the Terra and Aqua platforms. CERES measures the radiation on top of the atmosphere in three channels: a shortwave channel for the solar reflected radiation in 0.3-5 µm; a second channel measures the Earth's surface emitted radiation in the atmospheric window of 8-12 µm; and the third channel measures the whole spectrum. The longwave radiation is the result of subtracting the shortwave channel from the whole-spectrum. We use the daily level 3 CERES SYN1deg-Day Ed3A product on the long-and shortwave radiative fluxes gridded at a latitude and longitude resolution of 1
• (Wielicki et al., 1996; Minnis et al., 2011) . This product is produced as a combination of Aqua-Terra CERES/MODIS measurements and geostationary satellite measurements. The geostationary satellites used because of the location of the Iberian Peninsula are METEOSAT-7, METEOSAT-8 and METEOSAT-9 (Doelling et al., 2013) . In addition, this data product also includes the modelling fluxes of clear sky conditions. The cloud-radiative effect (CRE) on top of the atmosphere is computed by (1),
where F ↑ is the upward flux and the superscript cloudy and clear respectively indicate covered and clear sky conditions. In this piece of research, we use a dataset of almost 12 years, spanning from March 2000 to December 2012 in the Iberian Peninsula. The study area has been divided into four climatic regions according to the Köppen-Geiger classification of average temperature and precipitation (AEMET, 2011). We cannot consider all the existing climates in the Peninsula separately, due to the limited spatial resolution of data. Therefore, we have considered four regions, each one representing approximately one climate (see Fig. 1 ): (1) temperate with hot summer and without dry season; (2) warm steppe; (3) temperate with hot and dry summer; (4) temperate with temperate summer and without dry season.
We had to ensure radiative effect was only due to one type of cloud (either high or low) and not to their combined effect. Thus, we selected only those pixels showing a cloud cover above 80% for one cloud type and under 20% for the other. Then, the selected data was averaged for each cloud type, region and season. When there were no pixels that met the required conditions in a given region, that property was not represented.
Results
We studied the seasonal values of the following quantities: cloud cover; cloud optical thickness (COT); cloud-top temperature (CTT); and cloud-radiative effect on top of the atmosphere for long-(CRE LW ) and shortwave radiation (CRE SW ). We analysed the 4 Iberian climatic zones for high and low cloud situations. The results have been arranged in box diagrams with the median (red line), 25 and 75 percentile (blue), and the outliers (red). Outliers are considered to be data higher than p75+1.5(p75-p25) or smaller than p25-1.5(p75-p25). These limits are represented by whiskers (black).
Total cloud cover
There are differences in the total cloud cover among the 4 climatic regions (Table 1) . The difference between maximum (region 1) and minimum (region 3) is nearly 15%. This difference is larger in summer and may be related to the drier summer in region 3. On the other hand, regions 2 and 4 have similar intermediate values of cloud cover, although 4% lower in region 2, especially in winter and autumn (Table 1 ). In addition, a seasonal variation occurs in all the four regions, both in the average and in the number of days above the 80% threshold. This is because the climate of the Iberian Peninsula strongly depends on the Azores anticyclone (Lyamani et al., 2015) . The minimum cloud cover appears in summer, since the Azores anticyclone sends air masses coming from the Caribbean over the Iberian Peninsula (Martínez-Lozano et al., 2011) leading to dry and mild weather. On the other hand, autumn and winter have unstable, wet and windy weather. The Azores anticyclone causes low pressure systems passing over the Iberian Peninsula, resulting in the prevalence of westerly winds and enhanced rainfall (Lyamani et al., 2015) . Consequently, cloud cover increases in winter and autumn (Table 1) . Region 1 presents the highest annual cloud cover and the highest seasonal values. On the other hand, region 3 always has the lowest values of total cloud cover. These results (20) 28 (20) 39 (20) coincide with other studies . The mean annual total cloud cover for the Iberian Peninsula is 52%. The annual averages of cloud cover show a latitudinal dependency with higher values (53-61%) in the northern half of the Iberian Peninsula (regions 1 and 4) and lower values (49-53%) in the southern part (regions 2 and 3). These estimations concur with the values reported by Calbó and Sánchez-Lorenzo (2009) using three different datasets, especially for the northern part of the Iberian Peninsula.
Nevertheless, our values in regions 2 and 3 are slightly larger.
Cloud characteristics
We carried out a seasonal analysis of the cloud characteristics directly derived by MODIS measurements: cloud optical thickness and cloud-top temperature. The 25 and 75 percentiles of the cloud optical thickness for low clouds (COT L ) ranges between 4 and 34, with annual averages around 16-19 (Fig. 2) . For high clouds, the optical thickness (COT H ) is between 5 and 30, and the annual mean is slightly lower, ranging from 12 to 17 (Fig. 3) . Although the interval of variation is similar in both cases, the median values for high clouds are lower than for low clouds.
We observe no seasonal variation, but there is a regional one in COT (Fig. 2 and Fig. 3 ). In addition, region 1 has higher values (both COT L and COT H ), while region 3 has the lower ones except in summer (COT L ). This behaviour is related to the 20% difference in cloud cover of region 1 compared to region 3. The summer exception observed in region 3 may be a consequence of an increase in the aerosol concentration (Obregón et al., 2012) . This higher aerosol concentration may favour the aerosol-cloud interactions decreasing the cloud droplet sizes and resulting in a higher cloud optical thickness (Nakajima et al., 2001; Kaufman et al., 2005) . On the other hand, the cloud-top temperature for high clouds (CTT H ) shows more spread than for low clouds (Fig. 3) . At this latitude, low-cloud top height is generally around 3-4 km and the cloud-top temperature is limited by the lapse rate (Hahn et al., 2001) . Therefore, the cloud-top temperature for low clouds (CTT L ) is largely influenced by the surface heating (Eitzen et al., 2008) and consequently CTT L increases during summer, especially in region 3. However, for high clouds, CTT H is more stable during the year except for a great increase in summer in region 3 (Fig.  3) . 
Cloud-radiative effect (CRE)
The 25 and 75 percentiles show that the CRE in the longwave range (CRE LW ) for low clouds varies between −10 and 30 W m −2 , with the positive sign indicating warming. Again, we find no seasonal variation. but a regional one causing differences in the median values (Fig. 4) . The data spread is different for the regions, being lower in region 3 that has lower cloudiness. For all seasons, the maximum CRE LW appears in region 1, and the minimum in regions 2 and 3, which generally show less cloudiness. The summer minimum in region 3 is associated with the maximum CTTL, since CTT is close to the surface temperature and the upwelling LW radiation is similar in cloud and in clear sky conditions, resulting in low CRE LW . The mean value obtained for the whole peninsula is 16 W m −2 (Table 2) . On the contrary, CRE in the shortwave range (CRE SW ) for low clouds exhibits a seasonal variation following the solar annual cycle. The maximum in absolute value appears in spring-summer for all the regions. The CRE SW shifts from −40 W m −2 in winter-autumn to −170 W m −2 in spring-summer, when the solar radiation is higher and so is the cloud absorption and reflexion. Region 2 is not shown in spring and summer due to the lack of data. This does not mean that there are no low clouds but that their cover is under 80%. For the entire Iberian Peninsula, low clouds produce a CRE SW of −78 W m −2 (Table 2) . For high clouds, the CRE in the longwave range (CRE LW ) is between 60 W m −2 and 100 W m −2 , and thus larger than that for low clouds. This trend is caused by a difference between the cloud emission temperature and the Earth's surface. For low clouds, CTT is close to the surface temperature, leading to similar thermal emission reaching the top of the atmosphere, and thus low CRE LW values. On the contrary, high clouds are cooler than the surface and they emit less longwave radiation. This leads to a net reduction of the thermal radiation on top of the atmosphere and to a significantly higher CRE LW . Its magnitude is fairly stable throughout the year for all regions except for a slight increase in spring and summer in regions 1, 2 and 3. The minimum CRE LW is found in region 4 in summer. Considering that region 4 is the coldest on the Iberian Peninsula -the mean temperature of the warmest month being under 22°C (AEMET, 2011)-the surface temperature is lower than in the other areas. Consequently, longwave radiation emitted is lower too, and thus the CRE LW is smaller. For the whole Iberian Peninsula, the CRE LW produced by high clouds is 73 W m −2 . The CRE LW is noticeably higher than that observed for low clouds because of the cloud height and the lower CTT, as has already been discussed. The shortwave radiative effect (CRE SW ) is between −50 and −190 W m −2 for high clouds with marked seasonal changes (Fig. 4) . In spring, the CRE SW absolute value increases but slightly decreases in summer. The reason is twofold: first, the solar irradiation is higher in spring and summer; second COT in summer is slightly below the spring value. In addition, there is a regional CRE SW variation particularly in spring due to the great variability in the atmospheric conditions. Region 1 exhibits the more intense CRE SW of this season. The mean value of the CRE SW for the entire Iberian Peninsula is −84 W m −2 (Table 2) , quite similar to the CRE SW observed for low clouds.
The net radiative effect is the sum of the short-and longwave components. Its value for low clouds increases seasonally from −20 W m −2 (in autumn) to −150 W m −2
(in spring and summer) with little difference between the climatic regions (see Fig. 6 ). On the other hand, the net radiative effect for high clouds ranges between 10 W m −2 and −110 W m −2 (see Fig. 7 ). The positive effect in autumn is remarkable, when the longwave effect exceeds the shortwave one. This trend was also found by Chen et al. (2000) . The CRE N ET is −78 W m −2 for low clouds and −11 W m −2 for high clouds (Table 2 ). This marked difference comes from the CRE LW , which is directly influenced by the cloud height. 
Conclusions
This paper presents a seasonal cloud analysis of the four climatic regions into which the Iberian Peninsula has been divided. Long-and shortwave effect on top of the atmosphere, cloud optical thickness and cloud-top temperature have been discussed. Our work is limited to 12 years of satellite data and cannot be considered as a climatic study. In addition, only overcast conditions presenting a single cloud type were analysed. However, differences between seasons and regions have been highlighted. We notice differences in optical thickness between regions, being more marked for low clouds. However, both for high and low clouds, the median is between 10 and 20. On the other hand, radiative effect changes seasonally. In terms of effect, spring and summer values are similar. The effect in winter and autumn is also close, though different from the values for spring and summer. Cloud height greatly affects the CRE LW depending on the magnitude of the temperature difference between clouds and ground.
